ABSTRACT: A 2.9 kb fragment of the infectious hypodermal and hematopoietic necrosis virus (IHHNV) genome, which contains the coding sequence of putative non-structural and capsid proteins, was amplified and sequenced from each of 14 IHHNV isolates collected from cultured penaeid shrimp stocks in Hawaii and various sites in the Americas between 1982 and 1997. The sequence comparison indicates that the IHHNV genome is very stable, with 99.6 to 100% similarity among these 14 isolates. Only nucleotide substitutions were found. The percentage of substitution was higher in the putative capsid proteins region (1.3%) than in the putative non-structural proteins region (0.6%). Out of 25 substitutions found, 14 resulted in amino acid changes. There is no apparent association between clinical outcomes and particular amino acid substitutions. Based on genetic distances, the isolates were clustered into 3 groups that generally correspond with their geographic origins.
INTRODUCTION
Infectious hypodermal and hematopoietic necrosis virus (IHHNV) is an important cause of disease in cultured penaeid shrimp. This virus was first detected in juvenile Penaeus stylirostris (taxonomy used is according to Holthuis 1980) cultured in Hawaii in 1981 (Lightner et al. 1983a,b) , where it caused up to 90% mortalities. Since then, this virus has been detected in other life stages of a number of penaeids collected from the Americas, Oceania, and Asia (Lightner 1996 , Flegel 1997 .
IHHNV is a small, icosahedral, non-enveloped virus containing a single-stranded linear DNA genome of approximately 4.1 kb in length (Bonami et al. 1990 , Mari et al. 1993 . Based on size, morphology, and biochemical structure, IHHNV is considered to be a member of the family Parvoviridae (Bonami et al. 1990) . Nearly 100% of the IHHNV genome sequence and its 3 large open reading frames (ORF1, 2, 3) have been determined (Nunan et al. 2000 , Shike et al. 2000 . Among them, ORF1 represents approximately 50% of the genome and may encode a 666 amino acid polypeptide; this is predicted to be a non-structural protein 1 (NS1) based upon its degree of homology with 2 mosquito brevidensoviruses. ORF2 starts at 56 nucleotides upstream of ORF1 and overlaps with ORF1. It could encode a 343 amino acid polypeptide, a putative nonstructural protein 2 (NS2). ORF3 also overlaps (59 nucleotides) with ORF1, and could encode a 329 amino acid polypeptide. At least 4 structural proteins, 74, 47, 39, and 37.5 kDa in size, are found in the purified virions (Bonami et al. 1990 ). The 47 kDa protein was found to be derived from ORF3 based on partial amino acid sequencing (Poulos & Lightner unpubl. data) ; it is likely that ORF3 encodes viral structural proteins.
Although IHHNV was reported to be extremely virulent towards Penaeus stylirostris during the early 1980s, in recent years there has been an apparent decrease in IHHNV-related mortality in stock of P. stylirostris (Morales-Covarrubias et al. 1999) . One possible reason for this reduction in virulence is that the IHHNV genome has changed. Hence, in this study, we analyzed 70% of the IHHNV genome from 14 isolates that were collected during 1982 to 1997 to determine if there have been changes in the viral genome. The results demonstrate that the sequence variation from the earliest isolates to the recent ones is very low, and there is no apparent association between the decrease in virulence of IHHNV and particular nucleotide substitutions.
MATERIALS AND METHODS
IHHNV-infected shrimp samples, obtained from various regions between 1982 and 1997 (Table 1) , were stored frozen in the archive collection at the University of Arizona. The total DNA was extracted from tissues of infected shrimp (either pleopods or head soft tissue) with a high pure PCR template preparation kit (Roche Molecular Biochemicals). The PCR was carried out in a 50 µl reaction containing PCR buffer (10 mM Tris-HCl, pH 8.85, 25 mM KCl, 5 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 ), dNTPs (0.2 µM each), primers (0.3 µM each), 2.5 U of Pwo DNA polymerase (Roche Molecular Biochemicals), and 2 µl of extracted DNA sample. Following denaturation for 2 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 55°C, 2 min at 72°C, with a final extension at 72°C for 7 min, Primers IHHNV721F (5'-TCT ACT GCC TCT GCA ACG AG-3') and IHHNV2860R (5'-GTG GGT CTG GTC CAC TTG AT-3') were used to amplify a 2.0 kb fragment from Nucleotides 721 to 2860, and Primers IHHNVF (5'-ATG TGC GCC GAT TCA ACA AG-3') and IHHNVR1 (5'-CTA AGT GAC GGC GGA CAA TA-3') were used to amplify a 1.2 kb fragment from Nucleotide 2758 to 4001. All nucleotide positions refer to the published IHHNV sequence (GenBank Accession No. AF218266).
The amplified products were directly sequenced with an automated Applied Biosystems 3700 DNA sequencer at the sequencing facility of the University of Arizona. A sequence of 2.9 kb from Nucleotides 816 to 3744 was compared among these 14 IHHNV isolates. Multiple nucleotide-sequence alignment and phylogenetic analysis were performed with the Clustal X ( Thompson et al. 1997 ) software package (Version 1.8).
The phylogenetic tree was calculated with the neighbor-joining (NJ) method under the principle of minimum evolution (Saitou & Nei 1987) . Boostrap NJ command (N = 1000) was used to generate a boot strapped tree. Bootstrap values greater than 70% were considered to be related with a significance of 95% (Hills & Bull 1993) . For PAUP (in Wisconsin Package, Genetics Computer Group) analysis, the heuristic algorithm was used for the maximum-parsimony analysis. The data were re-sampled by 100 bootstrap replicates.
RESULTS AND DISCUSSION
The origins, hosts, and clinical presentations of the 14 IHHNV isolates used in this study are listed in Table 1 . Case 1 was Penaeus stylirostris collected from a farm in Oahu, Hawaii. The IHHNV isolate from this case was highly virulent and caused nearly 100% mortality. Case 2 was P. stylirostris from the same farm in Oahu during 1987. Cases 3 and 4 were IHHNV-infected P. vannamei collected from farms in Oahu and Moloki, Hawaii, respectively. These shrimp did not show mortalities but had symptomatic runt-deformity syndrome (Kalagayan et al. 1991 The sequence within the 2.9 kb region among these isolates showed 25 nucleotide substitutions; no deletions or insertions were detected. There were 12 substitutions in ORF1 (Nucleotides 816 to 2816), 5 substitutions in ORF2 (Nucleotides 760 to 1851) and 13 within ORF3 (Nucleotides 2758 to 3747). The nucleotide sequence similarity among isolates is between 99.6 and 100%. The degree of variation is rather low compared to that reported for human parvovirus B19 (up to 4%; Erdman et al. 1996) .
Although the non-structural protein is conserved, nucleotide substitution could still occur from selection pressure as a result of its essential enzymatic functions. A difference of 12 substituted nucleotides within 2001 nucleotides (0.6%) was found in ORF1, and 13 substituted nucleotides within 990 nucleotides (1.3%) was found for the ORF3 region. ORF2 had the lowest difference at 0.4% (5 substituted nucleotides within 1092 nucleotides). The relative level of variation is similar to that found in vertebrate parvoviruses, which also have a higher percentage of nucleotide substitutions in the capsid proteins than in the non-structural proteins (Truyen et al. 1995 , Hemauer et al. 1996 .
For the IHHNV isolates in this study, there were 7 nucleotide substitutions that resulted in changes of amino acids in ORF1; the other 5 base changes were silent. For ORF2, only 1 nucleotide substitution resulted in a change of amino acid,13 out of the 14 cases had identical amino acid sequences; in Case 9, there was a difference in a single amino acid: amino acid 170 is lysine instead of glutamic acid. For ORF3, 6 of the base changes were silent, and there were 7 amino acid changes (Table 2) .
Change in pathogenicity of some parvoviruses has been associated with amino acid change in the capsid proteins (Tijssen et al. 1995 , Fox et al. 1999 , although in other cases no such association was found (Gallinella et al. 1995 , Erdman et al. 1996 . To examine this possibility for the IHHNV isolates, we compared the translated amino acid sequence of ORF3 isolated from shrimp showing mortalities (Cases 1 and 2) and those from shrimp of the same species with asymptomatic infections (Cases 5 to 9, and 11), but we were unable to detect any consistent profile of amino acid changes that correlated with virulence (Table 2 ). In the comparison of Cases 1 and 6, both were IHHNVinfected Penaeus stylirostris; the virus from Case 1 was extremely virulent, while the virus from Case 6 did not cause mortality in the infected shrimp. In these cases, the translated amino acid sequences of ORF1 and ORF2 were the same, and there was only 1 amino acid difference in the translated amino acid sequence from ORF3. The change was from leucine to isoleucine at amino acid 240. The change from leucine to isoleucine seems to be conservative, because both are non-polar amino acids with identical molecular weights.
The sequence variation between the isolates studied was very low, but phylogenetic analyses of 2.9 kb 95 Amino acid no. Con 1 2 3 4 5 6 7 8 9 10 11 12 13 14 sequences separated the isolates into 3 groups that corresponded well to geographic origin: Central/South America (Group I), Mexico (Group II), and Hawaii (Group III) (Fig. 1) . In the grouping of Central and South America isolates (Group I, confidence index = 91.9%), 3 isolates were from the farms that are located along the Pacific coast of Panama, Colombia and Ecuador. One Texas isolate (Case 14, 1993 ) is in Group I, suggesting the origin of this Texas stock was Central or South America. In the other strongly supported group (Group II, confidence index = 94.9%), all the isolates are known to be from Mexico. The Guam isolate falls within this group, its documented origin, but is separated from the isolates from Gulf of California that cluster with a confidence index of 80.7%. An IHHNV sequence deposited in GenBank (Accession No. AF273215; Shike et al. 2000) , generated from infected Penaeus stylirostris that were caught from Gulf of California, Mexico, was found, as expected, to be included within this group; this sequence also clustered with 2 other Mexico isolates (Cases 5 and 7, identical sequences) with a high confidence index of 94.6%, suggesting their common origin. Group III contains 4 Hawaii isolates with identical sequences and a Texas isolate (Case 13, 1991) . They have extremely close sequence identity (only 1 nucleotide difference). A phylogenetic tree with an identical topology was generated with PAUP and maximum parsimony from 100 replicates (data not shown). These analyses suggest that IHHNV genomic variation is related to geographic origin; however, additional samples are needed to further define the nature of this relationship. The isolates from Hawaiian farms were closer to those from Central or South America (up to 99.93% similarity) and support the earlier reports that shrimp imported into Hawaii from Central or South America were the routes by which IHHNV was introduced during the early 1980s (Lightner et al. 1983a,b) .
In conclusion, we analyzed IHHNV genomesequence variation over the coding region of putative non-structural and capsid proteins. The low sequence variation among isolates collected from 1982 to 1997 indicates that the IHHNV genome has been stable over this time period. This further suggests that the apparent decrease in virulence of IHHNV infection in both wild and cultured shrimp stocks has not resulted from changes in the viral genome. However, we cannot rule out the possibility that changes in other, perhaps regulatory, regions of the genome could have resulted in decreased virulence. Within the IHHNV sequences that were studied, the relatively minor variation among the isolates appears to be related to geographic origin. If indeed the IHHNV genome has remained stable, the reduced virulence could be attributed to the development of a more balanced host-pathogen relationship, as suggested by Morales-Covarrubias et al. (1999) .
In 1990, when the landings of Penaeus stylirostris were at their historical low (~50% of pre-1990), 32 to 58% of wild P. stylirostris collected from the Gulf of California were infected with IHHNV, as determined by histology and by in situ hybridization. Pantoja's 1990 study (Pantoja et al. 1999) indicated that the wild stocks of P. stylirostris were decimated by IHHNV infection. This was based on the observation that IHHNV was highly virulent to farm-raised P. stylirostris whose parent stocks were derived from wild stocks in the Gulf of California (Lightner et al. 1992) . Follow-up studies done at the same sites 6 yr later found that the P. stylirostris were still infected with IHHNV but that the landings were returning to pre-1990 levels (Morales-Covarrubias et al. 1999) . This is consistent with the hypothesis that P. stylirostris stocks have become more adapted to IHHNV. Laboratory bioassays also support this hypothesis. In our laboratory from the mid-1980s to the early 1990s, P. stylirostris that were challenged with early IHHNV Fig.1 . Phylogenetic analysis of 2.9 kb genomic sequence of 14 IHHNV isolates from Penaeus spp. The analyses were performed with the neighbor-joining (NJ) method in Clustal X. Numbers on branches: percentages of bootstrap support from 1000 replicates, indicated only where support is over 70%.
The origin and year of each isolate are also shown isolates (collected from 1982 to 1987) showed very severe mortality (Lightner et al. 1987 and other unpubl. data) . However, in recent years (since 1996), challenges of P. stylirostris with the same inoculum, which had been stored frozen at -70°C, elicited infections with IHHNV but without resulting mortalities. Further studies are planned to investigate this apparent reduction in host susceptibility when specific pathogen-free P. stylirostris become available.
